This study used the meta-analytic approach to examine the effects of caffeine ingestion on exercise testing. Forty double-blind studies with 76 effect sizes (ES) met the inclusion criteria. The type of exercise test was classified as endurance, graded, or short-term. In comparison with placebo, caffeine improved test outcome by 12.3% (95% CI, 9.1 to 15.4), which was equivalent to an overall ES of 0.41 (95% CI, 0.31 to 0.51). Endurance exercise significantly improved test outcome (P < 0.05) more than either graded or short-term exercise. When exercise protocol was examined, time-to-exhaustion (T lim ) protocols had a significantly greater (P < 0.05) ES than either the graded or the non-T lim protocol(s). The results from this meta-analysis confirm the ergogenic effects of caffeine, particularly for endurance testing that use T lim protocols.
Caffeine is one of the most popular of all ergogenic aids investigated over the last 30 y. This can partly be attributed to its wide availability, ease of administration, and rapid half-life (36, 37, 41, 66 to 68) . In addition, it appears that only nontoxic, low to moderate doses of oral caffeine (3 to 10 mg/kg) are necessary to have a positive impact on exercise performance (40, 50) . Researchers who have investigated the effects of caffeine on whole-body exercise have used 3 main types of exercise protocol: short-term, high-intensity protocols (ST); graded exercise tests performed to exhaustion (GXT); and endurance-based efforts (END). Together, these studies have encompassed exercise durations of 120 min to 6 s, with accompanying exercise intensities ranging from approximately 60% to 200% VO 2max . As a result of this wealth of studies, many reviews examining the ergogenic effects of caffeine on exercise have been published over the last 20 y (4, 26, 27, 36, 37, 41, 47, 55, 56, 58, 62, 66 to 69, 76) . On the whole, they have concluded that caffeine is almost certainly ergogenic during END. One interesting feature of both END and ST studies is that a large number of them have assessed the effects of caffeine on test outcome by using exercise-capacity tests or the time to voluntary exhaustion using a constant exercise intensity (i.e., T lim protocols). T lim protocols, however, have low ecological validity, and recent research has suggested that they tend to be far less reliable than other more performance-oriented protocols such as time trials or distance trials (31, 48, 49, 52, 64, 65) . Thus it would be of interest to evaluate the relative efficacy of the effects of caffeine on T lim protocols as compared with other types of exercise protocol. Other reviews have noted that caffeine does not have an ergogenic effect on GXT lasting 8 to 20 min (41, 62, 69) . Some inconsistencies, however, have emerged in studies concerned with ST. For example, although some of the early work suggested that caffeine could not affect this type of exercise (26, 62, 69, 76) , more recent analyses suggest a favorable response (36, 37, 58, 68) .
Although a qualitative narrative assessment such as a review is an important part of the scientific process, accumulating research in this manner often results in an unsystematic, selected, and limited examination of a burgeoning literature. For instance, in preparation for the current investigation, we identified 16 reviews of the effects of caffeine ingestion on exercise spanning 21 y (4, 26, 27, 36, 37, 41, 47, 55, 56, 58, 62, (66) (67) (68) (69) 76) . The number of ergogenic studies cited in these reviews range from 8 to 40, with a median of 19. This compares with 74 ergogenic studies that we subsequently use as the basis for the present study. In addition, the quality of experimental design is often neglected in narrative reviews. For example, some of the "classic" studies that are cited in reviews concerned with the ergogenic effects of caffeine have methodological limitations that are not always taken into account. These limitations include single-blind procedures (61) , nonreporting of blinding procedures (22) , using children and adults in the same study (63) , and using coffee as the caffeine treatment (75) . In contrast to the traditional narrative review, research synthesis with a meta-analysis develops a systematic and explicit procedure for identifying studies and has structured eligibility criteria for what studies are to be included in the meta-analysis. A meta-analysis, when applied and interpreted carefully, offers a means of reducing a large quantity of studies to underlying principles (70) . In turn, these principles can form the bases for theory development and future research. A meta-analysis has not yet been published that evaluates the effect of caffeine on exercise testing.
The main purpose of this meta-analysis was to quantify the effects of oral caffeine ingestion on the relative (%) change in test outcome and effect size (ES) across different exercise domains and test protocols. Specifically, our interest involved the relative change and ES comparison for END vs. ST vs. GXT and T lim protocols vs. protocols with a defined endpoint (i.e., non-T lim protocols). In addition, we were interested in determining whether test outcome was affected by several factors that have often been highlighted as potential moderators of the effect of caffeine on exercise. These included subjects' dietary caffeine consumption, subjects' fitness or training status, the caffeine dosage, the period of subject withdrawal from caffeine consumption before caffeine ingestion, the interval between caffeine ingestion and exercise test, and the exercise mode.
Methods

Data Sources
Studies for potential inclusion were retrieved via (a) computer searches (MEDLINE, SPORTDiscus, and SMART) using the key words caffeine, endurance exercise, anaerobic exercise, sports performance, and ergogenic aids; (b) manual crossreferencing from original research articles, as well as review articles (4, 26, 27, 36, 37, 41, 47, 55, 56, 58, 62, (66) (67) (68) (69) 76) ; and (c) contacting an expert on caffeine and performance to scrutinize our reference list for completeness (Douglas Bell, personal communication).
Excluded Studies
The few relevant studies before 1975 were excluded on the basis that they tended to be poorly controlled, with low subject numbers, and lacked descriptive details necessary for data coding. In addition, the caffeine studies that were combined with other substances in which the independent effects of caffeine could not be isolated were excluded.
Inclusion Criteria
This investigation was limited to laboratory-based, double-blind, fully randomized, placebo-controlled trials using adult subjects (i.e., ≥ 18 y) published in peerreviewed English-language journals, of which one of the main purposes was to assess the effects of a single oral caffeine dose on whole-body exercise. Our main criterion for inclusion in the meta-analysis was the technical quality of the study. Thus, theses, dissertations, and unpublished abstracts were not included. The studies included in the analysis are presented in Tables 1 to 3 .
Coding and Classifying Variables
Studies were coded to quantify the subject characteristics of sample size, gender, VO 2max , and dietary caffeine habits. The VO 2max of subjects was categorized as low when reported as being less than 45 mL · kg -1 · min -1 , average when reported as being between 46 and 59 mL · kg -1 · min -1 , and high when VO 2max was greater than 60 mL · kg -1 · min -1
. VO 2max was rarely reported in ST, so in these studies fitness status was coded according to whether authors reported the subjects as trained or highly trained. Dietary caffeine consumption was classified as low if subjects were caffeine naïve or consumed less than 50 mg/d caffeine and moderate-high if consumption was more than 50 mg/d caffeine, and "mixed" studies contained subjects who had both low and moderate-to high-caffeine diets.
Each study was further categorized according to mode of exercise, exercise intensity of T lim tests (%VO 2max ), the period of subject withdrawal from caffeine before the treatment (i.e., ≤ 48 h, or > 48.1 h), caffeine dose administered (low, ≤ 6.0 mg/kg; moderate, 6.1 to 9.9 mg/kg; or high ≥10.0 mg/kg), the interval between caffeine ingestion and exercise (i.e., ≤120 min or >120.1 min), and the effect on test outcome. Exercise protocols included T lim tests and non-T lim tests. Non-T lim tests were those that used time trials, the total amount of work performed in a given time period, peak power output, or mean power output. Where standard errors (SE) were reported in the original article, they were converted to standard deviations by multiplying SE by the square root of the sample size. Data originally reported in graphical form only (42) were converted to numeric values with the use of a millimeter ruler.
Statistical Analysis
The effectiveness of caffeine ingestion on test outcome was quantified by calculating ES, as well as the relative (%) change from placebo after caffeine ingestion: (mean caffeine -mean placebo )/mean placebo × 100. ES can be viewed as a dimensionless measure of the ergogenic effects of caffeine centered at zero if caffeine has a neutral was made using sample mean body mass.
2 "Low" subjects identified as caffeine "naïve" or consuming <50 mg/day caffeine; "Moderate-high" >50 mg/day caffeine; "Mixed" contains "low," "moderate," and "high" subjects. 3 Where amount of caffeine administered was reported as an absolute value (mg), conversion to mg/kg was made using sample mean body mass. 4 Only "series B" data used.
5
Only sea-level data used. 6 Discontinuous protocol of three 30-min bouts between 85% and 90% VO 2max with 5-min recovery between bouts. 7 Test outcome data are the mean of 3 caffeine and 3 placebo trials. 8 Only morning data used. was made using sample mean body mass.
2 "Low" subjects identified as caffeine "naïve" or consuming <50 mg/day caffeine; "moderate-high" >50 mg/day caffeine; "mixed" contains "low," "moderate," and "high" subjects. 3 Where amount of caffeine administered was reported as an absolute value (mg), conversion to mg/kg was made using sample mean body mass. 4 Test-outcome data are the mean of 2 caffeine and 2 placebo trials. Trained status: T indicates trained; HT, highly trained.
2
"Low" subjects identified as caffeine "naïve" or consuming <50 mg/day caffeine; "moderate-high" >50 mg/day caffeine; "mixed" contains "low," "moderate," and "high" subjects. 3 Where amount of caffeine administered was reported as an absolute value (mg), conversion to mg/kg was made using sample mean body mass. 4 Protocol: PPO indicates peak power output; MPO, mean power output. Numbers after trials refer to repetition number.
effect compared with that of placebo. ES was calculated as the difference between the placebo and the treatment outcomes divided by the placebo standard deviation of the 2 conditions as follows (70):
The absolute value of both the relative change from placebo and ES was reported for tasks in which a smaller value was associated with improved exercise outcome. Therefore, a positive relative change and ES denote an improvement in test outcome. To reduce bias as resulting from small sample size, we multiplied all ESs by a correction factor (44) . Cohen (17) classes an ES of 0.2 as a small effect, 0.5 a moderate effect, and 0.8, a large effect. In addition, the variance of each corrected ES and the reciprocal of the variance of each ES were calculated to enable testing of the studies' homogeneity of variance in which the test statistic H approximates the chi-square distribution (44) . Ninety-five percent confidence intervals (CIs) were calculated around ES and mean changes in test outcome. If the 95% CI included zero, it was concluded that there was no significant effect of caffeine on test outcome.
We accounted for publication bias and the "file drawer" phenomenon with the following equation (70):
where K 0 is the number of studies needed to produce a trivial ES, K is the number of studies in the meta-analysis, d ESmean is the mean of all the ESs in the meta-analysis, and d EStrivial is the estimate of a trivial ES, that is, 0.10.
The effects of various categorical independent variables on ES were analyzed by independent t-tests and one-and two-way analysis of variance (post hoc, Bonferroni). Because we performed multiple comparisons, we also used the Bonferroni technique to correct for alpha inflation. Pearson correlation coefficients were used to indicate the nature and magnitude of associations between variables. The reported (continuous) values for the period of subject withdrawal from caffeine before the treatment (h), caffeine dose administered (mg/kg), and the interval between caffeine ingestion and exercise (min), were used when descriptive statistics and correlation coefficients were computed for these variables. All statistics were calculated using SPSS ® for Windows 
Results
Study Characteristics
The search identified 74 studies. Of these, 40 met the inclusion criteria for the analysis. (Tables 1 to 3) .
Characteristics of Subjects
A total of 414 subjects were represented, the majority between 20 and 40 y of age (27.1 ± 4.2 y). Men and women represented 82% and 10% of all subjects, respectively. The gender of the remaining 8% of subjects was not reported. The mean sample size was 9.3 ± 2.5 subjects, with a range of 5 to 16. END and GXT mean VO 2max was 56.0 ± 10.1 mL · kg -1 · min -1 (n studies = 29). The median exercise intensity for the END T lim studies was 80% VO 2max . Nine ST studies reported subjects as being trained, and the other 3 ST studies considered their subjects highly trained.
Caffeine Administration
The dosage of caffeine ranged from 3 to 13 mg/kg, with a median of 6.0 mg/kg. The median interval time between caffeine ingestion and exercise was 60 min (range 30 to 360 min). Subjects were required to abstain from caffeine for 0 to 168 h, with a median of 48 h.
Test Outcomes
The test for homogeneity was not significant, χ 2 (df, 75) = 45.9, P > 0.05. Caffeine ingestion led to a 12.3% ± 13.8% improvement in test outcome (95% CI, 9.1% to 15.4%, n ES = 76). The overall corrected test-outcome ES was 0.41 ± 0.44 (95% CI, 0.31 to 0.51, n ES = 76). Endurance exercise had a significantly greater improvement in test outcome than either GXT or ST (Table 4 and Figure 1 ; P < 0.05), although 95% CI estimates revealed that neither END nor ST included zero (Table 4 and Figure 1 ). The combined END and ST T lim protocols had a significantly greater improvement than either END and ST non-T lim protocols or GXT (Table 4 and Figure 2 ; P < 0.05). There was no evidence of a relationship between either ES or percentage change in test outcome and VO 2max for GXT (r = 0.14 for both ES and change in test outcome; P > 0.05) or END (r = 0.06 for ES and r = 0.02 for percentage change in test outcome; P > 0.05). Similarly, in ST, there was no difference between trained and highly trained subjects (Table 5 ). There was no relationship between ES or percentage change in test outcome and the caffeine dose administered in studies (r = 0.08 and 0.09, respectively; P > 0.05). Combined overall test outcome was enhanced (P < 0.05) at all levels of subjects' daily caffeine consumption (Table 6 ), the interval between caffeine ingestion and exercise (Table  7) , and subjects' abstinence from caffeine before treatment (Table 8 ). In END, there was a trend for ES and percentage change in test outcome to be greater with increased exercise intensity (Table 9 ), although differences were not significant. The most popular exercise mode was cycling (76% of all studies; Table 10 ) followed by running (17% of all studies; Table 10 ). Regardless of moderator variables, the overall improvement in test outcome after caffeine ingestion was predominantly the result of a much larger END effect, which ranged from 2 to 5 times that of the enhancement observed with GXT and ST (Figure 2 , Tables 4, 7 to 10). Note. Non-T lim trial includes time trials, total work completed in a set time, peak power output and mean power output. 
Publication Bias
We calculated that there would need to be 124 unpublished caffeine studies to reduce the overall ES of 0.41 to a trivial ES of 0.10.
Discussion
The main finding from this meta-analysis is that the mean ES for caffeine's influence on whole-body exercise is significantly greater than zero (Table 4 ). In com- parison with placebo, this effect represents more than a 12% improvement in test outcome. The test for publication bias would suggest that there would have to be a very large number of unpublished caffeine studies with trivial ESs in existence to significantly reduce this magnitude of improvement. The effects of caffeine on exercise at the extreme ends of the energy spectrum, from endurance exercise to high-intensity exercise, would appear to lend support to the argument that caffeine is likely to have more than one mechanism of action (36, 37) . On the other hand, a measurement such as the rating of perceived exertion is known to be affected by caffeine during both endurance (22, 24, 51, 68) and high-intensity exercise (29, 30, 75) . Within the scope of the present study it was not possible to examine potential mechanisms of action for the ergogenic effects of caffeine, but this is clearly an aspect that should be pursued in future analyses. The ESs in this study compare well with results from other meta-analyses investigating the effects of other ergogenic aids on exercise testing. For example, Matson and Tran (53) found that sodium bicarbonate ingestion (n studies = 35) had an overall test-outcome ES of 0.44 (P < 0.05), and Branch (13) found that creatine supplementation (n studies = 92) had an overall test-outcome ES of 0.21 (P < 0.05). Using strength as a measure of test outcome, Nissen and Sharp (57) also found that both creatine supplementation (n studies = 18) and β-hydroxy-β-methylbuterate supplementation (n studies = 9) had ESs greater than zero (0.30 and 0.19, respectively; P < 0.05).
On further examination, the findings in the present analyses become somewhat more revealing when test protocols are taken into account. Despite the large disparity in sample sizes there is substantial evidence that caffeine is much more likely to affect T lim protocols than non-T lim protocols (Table 4, Figure 2 ). This is particularly the case for endurance exercise, for which 89% of the studies analyzed used T lim protocols, but it is also evident for high-intensity exercise (Table  4 , Figure 2) . Regardless of the explanation for these findings, they are not unique to the effects of caffeine on exercise testing. In their meta-analysis of the effects of sodium bicarbonate on exercise testing, Matson and Tran (53) found that T lim protocols (n studies = 17) had an ES of 0.89 (95% CI, 0.47 to 1.31) in comparison with non-T lim protocols (which, as with the present study, included power tests, total work tests, and time trials; n studies = 18, ES = 0.25, 0.00 to 0.52).
We reanalyzed Matson and Tran's primary data and found that, in a pattern that matches the results of the present study, the differences between T lim and non-T lim protocols were statistically significant (P < 0.05). Thus, the reason for moderate to large ESs with caffeine and sodium bicarbonate studies that have used T lim protocols might have less to do with the effects of the treatment and more to do with the idiosyncrasies of the T lim protocol. It has become increasingly clear that there are issues relating to the reliability and validity of T lim protocols. For example, a number of reliability studies have shown that the coefficient of variation for T lim protocols was as high as 6% to 31% (11, 48, 49, 54) whereas that of exercise with a defined endpoint was much lower, on the order of 0.5% to 3% (31, 47, 48, 52, 64, 65) . Most available evidence appears to suggest that human subjects can regulate their power output much more reliably when they have an endpoint of time, distance, or work on which to focus (31, 47, 48, 52, 64, 65) . Another advantage of non-T lim exercise protocols-for example, time trials-in comparison with T lim exercise protocols is that they much more closely simulate sporting competition; that is, they have more ecological validity. Unlike T lim tests, this permits an estimation of the impact of performance changes in a given sport. In the current analysis, when endurance and high-intensity exercise protocols were combined, it was found that the effects of caffeine represented a relative improvement of 1.9% (95% CI, 0.01% to 3.8%; Figure 2 ). Thus, for a 40-k cyclist with a season's personal-best performance of 60.0 min, it is possible that caffeine could improve performance on average by ≈1.14 min. Nonetheless, in order to more fully quantify the effects of caffeine on sport performance, we agree with other authors (68) that far more laboratory or field time-trial tests needs to be performed.
Despite the apparent lack of reliability of the T lim procedure, the consistently large improvement of T lim protocols might have some merit. Moreover, Hopkins (45) argues that a direct comparison of the reliability for T lim protocols with the reliability of other tests is not appropriate, because a small change in an individual's power output produces a large change in the duration of T lim . Hopkins converted T lim to equivalent mean power in time trials of similar duration and found the coefficient of variation (0.9% to 2.0%) to be comparable to that of non-T lim protocols (45) . It is also apparent, however, that "open-ended" T lim protocols lack ecological validity-there are very few sporting events that require participants to exercise to exhaustion at a single constant workload. On the other hand, in training, athletes often use a constant exercise load, particularly when performing a number of repetitions of an exercise bout; the exercise is often terminated when the athlete can no longer maintain the constant load. It is self-evident that enhancing the quality of this type of training would likely bring about improvements in competition (36) . An advantage of T lim protocols in which subjects have to complete a standardized constant load is that when they are repeated, physiological comparisons at designated points during the test are possible, thus allowing comparison of placebo and caffeine treatments. This is an important consideration because T lim protocols might allow investigators to scrutinize and identify underlying mechanisms of action, a facility that cannot easily be accommodated with performance-based protocols. It is probably because of this consideration that so many caffeine studies have used T lim protocols.
We agree with Atkinson and Nevill (5) that the applied ("performance") questions and basic ("mechanistic") questions are equally important in sport and exercise science and that there is no difference in quality or intellectual rigor between the 2 types of investigations, merely a difference in the type of question that is being addressed. At the same time, a combination of applied and basic research within individual studies is by no means impossible. Some investigators use a "preloaded" protocol that combines a constant load phase with a performance test (29, 46, 48, 75) .
In addition to test protocol, we examined a number of factors that might moderate the effects of caffeine on exercise. Taking into account the occasional small cell value for the categorical variables (Tables 5 to 10 ), we could not find any explanatory data among these factors. Moreover, there were no significant relationships between key variables such as VO 2max of subjects and subsequent change in test outcome. Although not conclusive, this suggests that, at least in the studies under review, these potential moderating factors have no major influence on the effects of caffeine on performance. Nevertheless, because of the dearth of information in this area, we agree with Graham (37) that factors such as the most effective mode and pattern of caffeine administration (e.g., single vs. repeated caffeine doses) and subjects' caffeine habituation require far more research.
In summary, we have used a meta-analysis to systematically select with explicit criteria more than 50% of all studies of the effects of caffeine on test outcome published in peer-reviewed journals since 1975. From the findings it is clear that caffeine affects endurance exercise and, to a lesser extent, high-intensity exercise. It is also evident, however, that T lim protocols are much more likely to elicit an ergogenic effect than are non-T lim protocols. Thus researchers should guard against using T lim protocols that might provide misleading "improvements" in response to an intervention relative to time trials, which have greater ecological validity to real sport competitions. Apart from test protocol there does not appear to be any other factor that mediates the ergogenic effects of caffeine.
